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V 


SYNOPSIS 

Effect of section or injection on self “similar solutions 
on second, order (due to longitudinal curvature, transverse 
curvature, displacement speed, external verticity and temper- 
ature gradient) boundary layer flows has been studied. Two 
cases of prescribed wall temperature and that of insulated 
wall with full similarity in viscous dissipation are 
considered. Numerical solutions have been obtained for 
large values of parameters and the results are critically 
discussed. 



CHAPTER 1 


INTRODUCTION 

The problem of boundary layer flows with suction or injection, 
is of great importance in engineering applications, like boundary 
layer control, transpiration cooling ard other diffusions! operations, 
It has been studied extensively and references thereof can be found 
in the texts by Schlichting (1968), Eckert (1972) and Rosehhead (1963)* 
These studies have employed the classical boundary layer equations 
and hence are valid for very large values of Reynolds numbers. At 
moderately large Reynolds number, however, it is wellknown that the 
boundary layer equations require certain second order corrections, 
(VanDyke 1962) whose order of magnitude isR 3 when compared to 
Prand tie's boundary layer. These corrections may be attributed to 
arise from longitudinal curvature, transverse curvature, displacement 
speed, external voxticity and stagnation enthalpy gradient. 

In the present work we study the effect of suction or 

injection on these second order corrections. To this end we have 

studied the effect of suction and injection on self' -similar solutions 

of second order momentum and energy equations with full similarity 

in viscous dissipation. 

<» 

For an impermeable wall tbs general structure of self 
similarity for second order effects have been studied by Afzal 
and Oberai (1972) and Warle and Davis (1970), These authors have 
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shown that in addition to Pr.lkner-Skan pressure gradient parameter g , 
the second order equations contain three new parameters > due to 
longitudinal curvature, due to transverse curvature and A^ due 
to displacement effect. Further it is shown that for a given £ , 
the second order solutions show a large number of singularities for 
certain critical values of A^, A^ and A^, Physical as well as 
mathematical structure of these singularities is explained by 
Raisinghani (1975)- In particular it is shown that the singularities 
occur whenever the parameters A 0 etc. assume a value equal to eigen 
value of the o'orresponding homogeneous problem with homogeneous 
boundary conditions. 

Generalization to heat transfer with full similarity in 
viscous dissipation has been made by Raisinghani ( 1975 ) and Afzal 
and Raisinghani ( 1973 ) « They have studied the two cases of presoribed 
wall temperature and of insulated wall. For the latter case the 
classical concept of recovery f setor has been extended to second 
order flows. For longitudinal curvature problem, the jointly self- 
similar solutions for second order momentum equations have been 
studied by Narsimha and Ojha (1967), while the corresponding heat 
transfer problem for a prescribed wall temperature has been 
studied by Kadambi and Gupta (l97l). 

For our study, the self-similar solutions with suction 
and injection have been obtained following the analysis of 
Raisinghani (1973)? which involve an additional suotion parameter G. 
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(C > 0 represents the suction while C < 0, the injection). The 
equations have been integrated numerically for various values of C 
in the ran ge of -.6 < C < ,6. To see clearly the effect of suction 
and injection, solutions are obtained for (5 » 0, .5 and 1, (as they, 
represent important cases of flat plate, plate stagnation and 
axisymmetric stagnation flows), Prandtl number a = «7> 3 and 5> and 
for a large values of A^ etc, in the range of -7 *5 £ , A^, A^ _< 4» 

The transverse curvature problem with suction and injection 
has been studied earlier by Wannous and Sparrow ( 1965 )* These authors 
have studied a particular problem of momentum transfer in axial flow 
along a circular cylinder and have shown that suction reduces the 
second order skin friction while injection accentuates it. In turms 
of our parameters their analysis corresponds to P <= 0 and A, » 0, 



CHAPTER 2 


FIRST AND SECOND ORDER LOUIID ARY LAYER EQUATIONS 
2 . 1 Introduction 

The second order boundary layer equations are obtained from 

Navier-Stokes equations using the method of matched asymptotic 

expansions, VanDyke ( 1962 ). In this method the flow field is divided 

1 

into two regions c:ie near the wall of the order of R 2 and the other 

outside this region. The two regions are described by two separate 

_x. 

asymptotic expansions with R 2 as an expansion parameter. The two 
expansions are matched in the overlap region. 

2 « 2 Formulation Of Second Order Problem 

The Navier -Stokes equations in a non -di iiens ional vector form 
(here distance X(s,n), velocity U( T J,V) are non diuentionalized vtilh 

* r* ** 

respect to characteristic length X of the body and reference velocity 

2 2 

U Q respectively, pressure by p U Q and temperature by TJ 0 / G ) may be 
written as 

div U = 0 , (2.1) 

U. grad U + grad P =■ -R ^ curl curl U (2.2) 

U, grad T ~ a" 1 R** 1 V 2 T - r" 1 grad U. def U, ( 2 . 5 ) 

•v ^ 

where R = U 0 Xp/y is the characteristic Reynolds number , a = y C p /k, 

the Prandtle number, In writing the above equations, the flow is 
assumed incompressible. 
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The boundary conditions at the surface are 

U = 0 , V - V w (s) (2 4) 

T = T (s) or S ra[ i T = 0 (2.5) 

1 

where V (s) is of the order of H z . F x upstream the flow has to 
approach prescribed, may be non-uniform, velocity and temperature 
fields. 

Ihe outer asymptotic expansions in the limit X(s,n) fixed 


R c» are 


JL 

U 0 U^Csjn) + R 2 UgCs^n) 4- ♦ , * 

(2 .6 a) 

V » V^n) + R 4 V 2 (s,n) + ... 

(2,6b) 

P « P.j(s,n) + R - " 2 P 2 (s,n) + ... 

(2.6c) 

JL 

T »• T^(s,n) + R 2 Tg( s,n) + ... 

(2.6a) 

Substituting these expansions in (2. 1-2, 3) and collecting terms of 

equal powers of R we get the well-known Euler's equations whose 

integration along stream line gives 

P 1 + U^/2 - 

(2.7a) 

T 1 - V^) 

(2.7b) 


where is the first order outer stream function and and 

are Bemoullis functions to be determined for upstream 


conditions • 
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The second order equations are perturbation form of Euler 
equations and their integration gives 


P 2 + Si -2s -*2 <V + B 2<' i 'i> 

T 2 “ V 2 H! l (»1> + W 


(2.8a) 

(2.6b) 


If the on-coming stream is independent of Reynolds number, then 


4 


B 2 “ 0 * H 2 

The outer equations are invalid in a region of order R * nesx 
the wall* To study flow near the wall, the appropriate (Prandtle) 
variable 


N « n R‘ 


(2*9) 


and the corresponding inner limit N fixed, R + « gives the following 
inner asymptotic expansions 


U = u 1 (s,H) + R ® u 2 (s,R) + .. . 

(2.10a) 

V = r’^v 1 (s,n) + r" 1 v 2 (s,n) + ... 

(2.10b) 

JL 

P a p.j(s,H) + R 2 p 2 (s,N) + ... 

(2*10c) 

1 

T a t^(s,lT) + R 2 t 2 (s,u) + ... 

(2,104) 


Using these expansions in equations (2. 1-2. 3), we get first and second 
order governing equations for inner (boundary layer) flow, 

i 

These inner equations are valid in a region of order R and 
violate the conditions at infinity. Matching the two solutions we 
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obtain the missing: boundary conditions needed to solve the boundary 
1 ayer equ at ion s . 

2.2.1 First Order Boundary Layer Equations 
Continui ty 

u 1 ) B + (r^ T 1 ) lj , = 0 , (2.11) 


Momentum 


u i u 1s + v i “in " V a -°> b i b ( b >°) ""inn ■ °> 
Energy 

"i *ih + v i % ‘ 0-1 Sm - u ih ‘ ° • 


Boundary and Matching conditions Eire 
u^s.O) => 0 , v^s.O) => v w ( s ) 

u^SjK) « 11^8,0) as E + " 
t 1 (s,0) = t w ( s) or t 1IT (s,0) » 0 

t^(s,N) = H.j(0) as H + “ . 


( 2 . 12 ) 


(2.13) 


(2.14) 


(2.15) 


2.2.2 Second Order Boundary Laver Equations 
Continuity 


(A 2 ) s + (A 2 ) n - - [ r^Ca cos e/r) N 3 g 

“ (K + j cos e/r) U v 1 ] H , 


( 2 . 16 ) 
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Momentum 

U 1 U 2s + U 2 U 1s + V 1 U 21T + V 2 U 1N ” U 2M 
“ l M U 1 U 1s ~ U 1 “ N V S>0) U 1 s (b, 0) + u 1N ] 

- [K N l/j ( s,o) + K / {U^ ( a, o) - } dN J g + j cos e/r 

- r° B^O) V 2 (s,0) + I ^(s.O) U^s.O)^ (2.17) 

Energy 

U 1 t 2s + u 2 tj ls + V 1 ^2N + V 2 t 1N “ ° " ^Iflf U 2N 

« K (N u x t 1s + o t w - 2u 1 u 1N ) + a~ j cos 0 t^/r (2.1s) 

Boundary and matching conditions are 

u.p(s,0) = 0 , vJs,0) =* 0 

2 2 . (2.19) 

u 2 (s,N) « N K ( s,0) + r j N B'(0) + U 2 (a,0) as U ■> » ' 
t 2 (s,0) - 0 or t 2N (s,0) - 0 

(2.20) 

t 2 (s f N) . Hi(0) ^(s,N) N 4 - 

an, 

where H!j ( 0) - (^^.o 

The second order equations are linear and hence can he 
divided into a number of simplex problems. The terms proportional 
to K, j cos e/r , U 2 (s,0), B».(0) andH^(o) may be attributed to 
arise due to longitudinal curvature, transverse curvature, displacement 
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speed, external vorticity and temperature gradient respectively. 

In the following pages quantities U ( s,0 ) , U^(s,0) t H^(O), 
(o) will he written without their arguments as , Ug, and B^ . 



CHAPTER 5 


PEIP-SIMILAR ANALYSIS 


3.1 Introduction 

As mentioned earlier, self -similar solutions of first and 
second order "boundary layer equations have "been obtained by Af zal 
and Raisinghani (1975) for flow over an impermeable surface (V =0) . 
Here we shall study self similar solutions of the first and second 
order problem in the presence of suction and injection at the wall, 
for an incompressible two dimensional and axl symmetric flows. 

The governing equations for first and second order problem 
are transformed using the Cartiers variables 
>s ^ N U, 

5 / u, r J ds , n « - J 1 (3.1) 

0 1 / 2 ? 

The equations obtained in terms of £ and rj axe subjected to the 
condition of similarity and finally equations with full similarity 
in dissipation are obtained, 

3*2 Governing Equations For Ron-Similar Flows 

3.2.1 First Order Problem 

The first order stream function ^ defined by equation of 
continuity (2,9) 

hN- r ° u i ’ *is ■ v i • (3,2) 



11 


The stream function 'i>. and temperature are expressed as 


^(5,14) = JlK f(5,n) , 
t j(s ,N) ° (t w - Hj) g(5,ri) + H v 
Using (3.2) and (3*3) we get for the velocity components 


u 1 - U 1 f 


v x = -U x T*[f + + (A y + j A r -1) nf']/’^T 

where A is defined by 
r 


A, 


. 2? d$ 


•f 1 <f> dC 

The governing equations (2.12 - 2,15) may be written as 
momentum 

£"' + ff» + Ay (l-f»2) - 25(£'£J - fgf") B 0, 
Energy equation 


.-1 


a'- 1 g" + f g» - A t -H £’ g - 25(£' g - f g') 
w 1 . ^ 

Boundary conditions 


= - E £"% 


£(€,0) + 2 % £ ? (5,0) = C(5) 


£'(5,0) « 0 , £»(£,“) = 1 


(3.3) 

(34) 


(3.5) 


(3.6) 


(3.7) 


(3.8) 

(3.9) 

(3 . 10a) 
(3.10b) 


gCM) « 1 , gC?> w ) * 0 (3.11) 

Where 0(5) = - V w r^) is the suction parameter and 

E = u!j/(t w - H^) is the Eckert number, suffix £ and dash represents 

differentiation with respect to 5 and irrespectively. A, T and 

U 1, A 

A. „ are defined by (3*7) and are known as principal velocity function 

V*i 
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principal thermal function ire spec tively, These principal functions 

are of fundamental importance in describing flo w conditions. In 
non-similar flows, the principal functions vary from point to point 
v/hile they remain constant along a stream line in case of similar 
flows. Moreover if the two flows are similar, the value of 
principal functions remain the same for the corresponding stream 
lines. 

(5.2.2) Second Order Problem 

The second order stream function satisfying equation 

of continuity (2.14), is defined as 

^2N " r ^ u 2 + j N u i cos G/*3, 

( 3 . 12 ) 

^ 2s * [V2 + (K + j cos 6/r) N VjJ . 

In terms of variables £ , h the stream function and temperature 
t 2 are expressed as 

il> 2 = F(g,n) (3.13) 

t 2 * (t w - H i) C(S,n) (3.14) 

The velocity components obtained from (5*12) and (5. 13) are 

u 2 = U x (F'(5,n) - B t n £'] ( 3 . 15) 

v 2 = U 1 [-{F + 2C F ? + nCA^ + j A r - 1) F'} 

+ nCB^ + B t ) {f + 2i f e + n(Au^ + j A r - l)f' }]//2? (3. 16) 

where B; v and B^ are defined by (3.22) and (3.23). Using 

(3.12-3 *16) and the second order governing equations (2.15-2.18), we have 
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Momentum equation 

F'" + fF" - 2 Ajj f'F’ + f'F - 2C (f^ F* - f' 1 F p +f'F^ “ f c F ") 

= B '[{-n(l+A„ ) £"' + (A_ + A„ - 1) (f + ff* + 25 f' £p 
£ U 1 1 

+ 4 5 f f * f' dn) + (An + 2 A., ) (n A + a + 25 a £ ) } 
n 5 15 f. U 1 U 1 

/(I + A,, ) ] + B t [-n(2A u + £»») + f 5 + ff‘ - A e n f' 2 
11 t 

+ 2? £ g £»] - B v (a + 25 ct ? ) - B d (2A„ + A R ) (3.17) 

Energy equation 

o“ l G" + f G' - A ,j £' G - 25 (f' G - G') 

w~ r 1 

= A „ F> g - F g» - 25(F> g - F 2 ') - 2E f" F" 

V n 1 ’ 4 

+ Bj-o" 1 (n /?')' + E f" (-n f + 2f 1 ) ] + B t [-a" 1 (n s')' 


+ E f" (n f" + 2£')] (3.18) 

Boundary conditions 

F(5,0) + 25 F c (5,0) = 0 (3.19a) 

F' (5,0) = 0 (3.19b) 

F'(5,n) - n(-B £ + B t .+ B v ) + B d n + » (3.19c) 

G(5,0) = 0 , G' (5,0) = 0 (3.20a) 

G(5,n) = B c (n-a) as n -*• w 
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whore various quantities are defined by 


a = lim (n-f) > 

(3.21) 

n -v t» 


B a = > / 2C K/(P fjp, B t = JU j cos e/(r 2 3 Uj) 

(3.22-23) 

l! d = V U 1 > “v = ^ D 1 /u2 1 

(3.24-25) 

B e = .' 2 tn;/(t w - up. 

(3.26) 


g , Ag are principal functions of longitudinal - 
a t d 

curvature, transverse curvature, and displacement speed respectively 
and are defined by (3*7) • 

3*3 Self Similar Solutions s 
3*3.1 First Order Problem 

To study self -similar solutions of first order boundary layer 
equations, we assume 

£ = f(n) , (5.27) 


and to be a constant say 6 . 

1 

(3»l0) reduce to 

Wow the equations (3*8) and 

f»» + ff" + B(l-£' 2 ) » 0 

(3.28a) 

f(0) * C 


f'(0) = 0 , £•(») » 1 

(3.28b) 


where C, the suction parameter is to be oonstent. 

linearity of first order energy equation permits its study 
independently of Eckert number, i.e., 

g(5,n) gpU^) + E g 2 C^»n) 
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If g find g n axe similar, they must he functions of H only. 
But still E may he a function of K , which renders g non- 
similar. Hence for full similarity with viscous dissipation 
E has to be constant, which implies A- -- = 26 , a constant, 

u •"* rl A 
\'l 1 


Therefore for full similarity, we assume 


g(n) ~ g 1 (n) + E g 2 (n) 

( 5 . 29 ) 

substituting ( 3 . 29 ) into ( 3 * 9 ) and collecting terms 

proportional 

to powers of E, we get 


o " 1 gj + f gj ~ 26 f' g 1 » 0 , 

(3.30a) 

g x ( 0 ) - 1, g 1 (“) = o » 

(3.50b) 

tf " 1 q + f g' - 26 f< g 2 + £" 2 = 0 , 

(3.31a) 

g 2 ( 0 ) s o ■ g 2 (“)‘ 

( 3 . 31 b) 


3.3,2 Second Order Problem 

The second order boundary layer equations are also linear 
and therefore allow superposition. These higher order equations 
can be divided into a number of simpler problems. In the 
equations ( 5 * 17 ) and (3*18), the terms proportional to B^ arise 
due to longitudinal curvature, due to transverse curvature, 

B^ due to displacement, due to external vertioity and B g due 
to temperature gradient in the on-coming stream. 

Further the second order heat transfer problem like that of 
first order cm also be solved independent of Eckert number. 
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Therefore to obtain the self -similar equations for the second 
order problem v/e assume 

F= l B m F Cm} (n) , (5.32) 

m=2.,t,d,v 

G « l B m [G^OO + EG<"°Cn)] (5 ‘ 55) 

m=i.,t,d,v,e 

, Ag are constants say , A^ and A^ respectively. 
Using equations ( 3 • 32—5 • 33) and separating the various second order 
effects, the equations (3,17-3*20) take the form (using operator 

(3.34a) 
(3*34b) 

(3.35a) 

(3.35b) 
(3.36a) 

(3* 36b) 

where X^, k, S^, ML, and Eh are given in table 1. In 
the above equations the superscript i on F, and Gg have been 
omitted for convinience of writing, 

3 .4 Skin Friction and Displacement Thickness 

The skin friction in non-dimensional form may be written 


notation) 

put + £ pit - (2P + X i ) f* F* + (1 + X^) f”F = 

F(0) = 0 - F» (0) , FM • Sp 

cr“ 1 G^ + fG^ - C2P+X ± 3 + (l+X^Fg^ - 2g F' g 1 = 

G|(0) = 0 , GjO) - d i 

0“ 1 G , 2 + fG^ - (2B+X i )£ f G 2 + (l+X i )Fg«-20 F»g 2 = -2f"F" + Nj 
G 2 (0) » U * G 2 (“) 


and Ag^, Ag^ 


as 
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t = r -1/2 3U 


p ui 


3N 


N=0 


Making use of (2.11a), (3»5) and. (3*15) we have for skin friction 


r 1 * \i\ R " 1/2 


P u 




[f"C0) + R“ 1/2 J 


m=£,t,d,v 


B ra F (in) "cO) ♦ . .](3.37) 


To obtain the expressions for the first order and second 
order displacement thickness, to start with the basic definition 
of the displacement thickness <S* defined as 


n 


n 


/ ° U r 3 dll s / 0 u dn 

6 0 0 0 

where n Q is taken as the outer limit of inner boundary layer. 
The inner expansion (3,38) may be written as 

6,+R " 1/,2 6 2 +... . 

/ U(s,R" 1/2 NDrJdN=/“[UCs,R" 1/2 N)-u(s,N)3rJ dN 

0 0 

The displacement thickness itself is expanded as 

6*Cs,R” 1/f2 ) = R" 1/2 6jCs) + R" 1 6 2 (s) + ... 

Substituting outer expansions for U(s,R 2 N) and inner expansions 
for u(s,N) and r^ , we have 

/C0 «i(s,N). 

«, « / [1 - 77 =7 ] dN 

and 

^2 ( s > °) ^ UjCsjN) u 2 (s,N) - Nu 1n (s,0) 

-So = ■ r [“/ ”7 - - — — - — — i 


UiCM) 0 ^(5,0) 


u 2 (s,0) 


(5.33) 


(5.39) 


(3.40) 


1 U 1 N (S,0) J cos 0 6 u x (s,N) 

" ‘ 2 ^(3,0) ; 6 1 ‘ x j [ 2~ “ l N U ' U 1 Cs,0) } m] 



Substituting the similarity variables, the expression for the 
displacement thickness is 


6* = R 


= p“l/2 


/U 


rJ U, 


6 + R" 1 [■ 


i#£ U 


'ri Uj_ U 1 


'2 6 Cd) 


2K 


r 2 3 U 2 


B! r , 

( I fiCv) + 


j Cos 6 


KfiW t Ct) 


)] 


where 


( 342 ) 


6 a lira CR“f) 
n *► « 

6 00 « lim C~ n 2 - F (A) (iO)+f^ 
S<*>- lim 4n 2 -F (t) W)-|i 

n -4- ~ z 

5 (d:) * lim En - F Cd) Cn)] - fi 

n •> « 

«M- lim tin 2 -FM( n)] -fi 
n -*• « 1 


(343a) 

(3.45b) 

(343o) 

(343d) 

(343e) 


5 .5 Heat Transfer and Recovery Factor 


The total heat transfer rate at the wall in non-dimensional 


form 


. r 1 ' 2 |1 

3N 


N=0 


P Pp T c U c 

Using equations (2.10), (34) and (344) we get 

-2— -a" 1 r j U 1 (s,0)(t w -H 1 )R“ 1/2 [gj L (0) + R‘ ly/2 G' (0)+.*.]//2? 

* -a" 1 x 3 U 1 Cs,0)(t w ~H 1 )R' ,1/2 [q 1 + R“ 1/2 q 2 +. ..]//Z5 (344) 


p c T U 
^ p c c 
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where qi = g^(0) + E g£(0) (345) 

end q 2 • I B m [G Cm) (0) + E G^ m) ' (0) 3 (346) 


The temperature of the wall for which there is no heat 
transfer at the surface i s known as recovery temperature t^ . 

Prom equation [340] with q « 0| and from the expansion for 
recovery temperature 

i 

T «= t + E~^t + ,,< 
r r, r 2 

where t and t are first and second order recovery temperature, 
r 1 r 2 

we have expressions for t and t as 

r 1 r 2 


t r - H]_ 


u; 


gUO) 


(345) 


and 


r 2 


[g*(0}G{ m) CO)-g’CO)G^^(0)] 


W 


-■ l 


. G 


(e) 


CO) 


U, nF^tjdjV 


m 


'1 
where 


g^ 2 t0) 


+ B 


e g^(O) 


B e - - H 1 tt'A 


(344) 

(345) 


Recovery temperature is generally expressed in terms of dimen- 
sionless recovery factor defined as 


r f 2(t s \ 


(346) 


r^ + R ® r 2 + . .. 


where r^ and r^ axe the first and second order recovery factors 



and are given by 


Si 


r x - - 2g»(0)/gJ(0) (3.47) 

* 2=1 < 2 B m (g'(0)G Cm:), (0) - g* (0) G Cm) ’(0)]/g'2(0)} 

m=£,t,d # v 1 it 1 


+ 2 B e G^'/g’CO) 


( 3 . 48 ) 



CHAPTER 4 


RESULTS Am DISCUSSIONS 


The equations for the first and second order "boundary layer 
problems ( 3 . JO - 31) rnd (5*34 - 36) have been integrated numerically 
by Range -Ku tta-Gi 11 method on I.B.M. 7044 at Kanpur. The equations 
have been solved for various values of suction parameter C in the range 
of -0.6 <_ C ^0.6, The ranges for other parameters are -7*5 < A^, A^, 

<_ 4> fl =* 0, 0.5, and 1 and a = 0.7, 3 and 5« Results for second 
order contributions to skin friction F n (o) , heat transfer G^ 0) and 
recovery factor are displayed graphically. The results for G^(o) 
can be obtained from those for G^( 0 ) and Tg. 


For longitudinal curvature problem, solutions are shown in 
Figs. (2a-c) and (3a-c). Fig. (2a) shows skin friction f"(0) verses A^ 
for C ts 0.5, and -O. 5 , p = 0»5 and 0 = 0.7. For < 0, v*e observe 
many singularities. The location of first singularity for C = 0 (without 
suction or injection) is also shown in the same graph by a vertical 
arrow (Afzal and Oberai 1972). The first critical value (approximately) 
of A^ for C = 0 is at A^ = - 3 # 1 s for C = 0.5 (suction) at -3. 5 ?nd 
for C tt - ,5 (injection) at -2.72. The effect of suction on locations 
of singularities i s to make the critical values of parameters A^ more 
negative when compared to no suction case, i.e., the singularity is 
shifted towards left. For the case of injection the effect is otherwise. 
It may be noted that the effect of suction on locations of singularities 
is, qualitatively similar to those of favourable pressure gradients 
( Raisinghani , 1973)* i.e,, for a given suction if P increases, the 
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critical values move towards left. Figs. (21) and ( 2 c) shov 7 the effects 
of suction and injection on heat transfer C-^(o) and recovery factor r^ 
respectively. Here the approximate location of first singularity for 

C = 0 is at Aj = - 2.75, for C * 0.5 at = - 3.0 and forC = - 0.5 

at A 0 = - 2.32. It is to be observed that for a fixed, value of suction 

parameter C, the singularity in G^(o) and r ^ occurs at lov/er values of 

negative a when compared tothe corresponding skin friction results. This 
A 

is due to the fact that the eigen value for the homogeneous energy 
problem is lov/er than the corresponding momentum problem. 

It has been pointed out by Reisingheni (1973) that the second 
order contributions for a^ < 0 are not of much practical importance and 
therefore detailed results have been computed for A ? > 0 , and are shown 

in Figs. ( 3 a,b,c). Fig. (3a) shows the effect of suction and injection 
on second order skin friction and displacement thickness , It is seen 
that for A 0 = 0 and for a given 3 , suction increases (in magnitude) 
the skin friction while injection decreases (in magnitude) it. Fig. (3b) 
shows that for 0 = 0-7 > the second order heat transfer G^( 0 ) decreases 
with suction and increases with injection. However for high Prandtle 

numbers (o = 3 > 5 )> the trend of heat transfer curve is reversed after 
a certain value of injection i.e,, it starts decreasing. The rate of 
decrease becomes more pronounced as a increases. Fig. ( 5 c) shows results 
for recovery factor . As C increases, the magnitude of recovery factor 
decreases monotonically. 

For transverse curvature problem, the results are shown in 
Figs. (4a,b,c) and Figs, ( 5 a,b,e). Figs. (4a,b,c) show the effects 
of suction and injection on singularities in the solutions of second order 
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skin friction, heat transfer and recovery factor respectively. Here 
the said effects are similar to those discuss :d in the case of longitudinal 
curvature problem and hence need no additional comments. Pig. (5 a ) shows 
results for second order skin friction and di spl eceme nt thickness. For 
B a 0, suction reduces the skin friction while injection increases it. 

For [} = *5 and 1, skin friction decreases with suction (at a lower rate 
as compared to that for $ = 0) while with injection it increases, 
reaches a maxiimin end then decreases. The nature of the second order 
heat transfer curves, as shown in Fig. (5b), is similar to those for 
longitudinal curvature problem. Fig. (5c) shows the effect of suction 
and injection on second order recovery factor. For g = 0, o . = 5 and. 5* 
the magnitude of r 2 first increases, reaches a maximum and then decreases 
very rapidly as C decreases. 

For displacement speed problem, the results are shown in 
Figs. (6a,b,c) and (7a,b,c). Figs. (6a,b,c) show the effect of suction 
and injection on locations of singularities for skin, friction, heat 
transfer and recovery factor respectively. The behaviour of the 
singularities is similar to those discussed earlier in the case of 
longitudinal and transverse curvature problems and hence no further 
comments are needed. 

Fig, (7a) shows variation of second order skin friction and 
displacement thickness verses suction parameter C. Skin friction 
increases monotonically with C. For a given value of C, 0 (=* .7) and 
B (s= . 5 ) , the skin friction increases as increases. The magnitude 
of second order heat transfer, as shown in Fig. (7b), decreases with 
increasing values of suction and injection. For a fixed value of C, 
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0 ( = . 5 ) , a (= .7 )» the heat transfer increases with . Fig. (7c) shoe's 
results for second order recovery factor. The recovery factor increases 
mono tonic ally as C decreases. For & = 0, a ~ 3 and 5 > re increases, 
reaches a maximum and then decreases very rapidly as C decreases. For a 
given G, a (= . 7 ) and p( = , 5 ), the recovery factor increases with A^, 

For external vorticity problem, the results are shown in Figs. 
(8a,b,c). The second order skin friction, as shown in. Fig. (8a) decreases 
monotonically with suction parameter C. For a given value of C, the skin 
friction increases as 0 decreases. Fig, (8b) shows results for second 
order heat transfer. For a *= .7, the magnitude of heat transfer decreases 
monotonically with C. For a - 3 and 5 * the magnitude of heat transfer 
increases, reaches a maximum and then decreases. The second order recovery 
factor Tg shown in Fig, (0c) decreases monotonically as suction parameter 
C increases. For 0=0, 0= 5 the curve shows a maxima and decreases as 
injection (-C) increases. 

For temperature gradient problem, the results are shown in Figs. (9 
and ( 9 b) . The second order heat transfer increases mcnotonioally with 
parameter C. For a given value of C and 0 , the recovery factor increases 
with a . From Fig. ( 9 b), it is observed that the magnitude of second order 
recovery factor increases monotonically with C. Further for a. given value 
of C, 6 , the magnitude of recovery factor increases as a decreases. 
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FIG 3a LONGITUDINAL CURVATURE SOLUTIONS: EFFECTS OF SUCTION 

AND INJECTION ON SKIN FFTC*ION AND DISPLACEMENT THICKNESS 
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r IG 3c LONGITUDINAL CURVATURE SOLUTIONS EFFECTS 

OF SUCTION AND INJECTION ON RECOVERY FACTOR 
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FIG 5b TRANSVERSE CURVATURE SOLUTIONS EFFECTS 
OF SUCTION AMD INJECTION ON HEAT THAI >1 HR 





F 10 S c TRANSVERSE CURVATURE SOLUTIONS : EFFECTS 

OF SUCTION AND INJECTION ON RECOVERY FACTOR 
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FIG 7 C DISPLACEMENT SPEED SOLUTIONS EFFECTS OF 
SUCTION AND INJECTION ON RECOVERY TACTOR 
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FIG8C EXTERNAL '/OPTICIT V SOLUTIONS EFFECTS OF 
SUCTION AND IN 1EC1ION ON RLCOVEPV FACTOR 
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